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SUMMARY 


Hot corrosion testii^ (tf several nickel-, c^alt-, and iron-base 
alloys was performed in a Mach 0. 3 burner rig to determine the ef- 
fectiv^ess of potential fuel additives for reducir^ sodium sulfate 
attack. All tests were carried out at 900^ C for 100, 1 hour cycles. 

At the conclusion of each test the extent of attack was determined by 
measuring the maximum metal loss. All corrosion results were 
compared to cyclic oxidation tests made under the same conditions 
of time and temperature but in the absence of sodium chloride or 
additives. While all of the additives tested (salts of Al, Si, Fe, Cr, 
Zn, Mg, Ca, and Ba) reduced hoi corrosion for some aUoys, the 
most effective and consistent additive was barium nitrate. For all 
alloys this barium additive reduced the corrosion attack to nearly 
oxidation levels. Although much work is needed to establish cost 
effectiveness and the extent of a potential fouling problem, this work 
strongly indicates the desirability of the use of barium to substantially 
reduce the alkali metal-induced hot corrosion problem. 

INTRODUCTION 

Hot corrosion has been shown to be a major cause of failure in 
gas turbines used in marine, ground power, and, to a lesser extent, 
aircraft applications. Hot corrosion is usually defined as the accel- 
erated metal loss observed at intermediate temperatures (near 900*^ C) 
resulting from sodium sulfate deposition. A review of the literature 
of hot corrosion has been written by Stringer (ref. 1) and recently ex- 
panded by him (ref. 2). Impurities are usually considered to be in- 
gested into the ei^ine with air, especially over water, in the form of 
sea salt wdiose major constituent is sodium chloride (NaCl) The salt 
reacts with sulfur in the fuel during combustion to form .sulfates which 
deposit in the hot section of the turbine. The sulfate deposit is as- 
sumed to flux the protective oxide scales normally found on the metal.s 
and results in greatly accelerated metal loss by oxidation and suliida- 
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tlon. Slmliarlyi th« use of c^l derived fuels, which may contain 
high concentrations of sodium and potaesim (Na and K) impurities, 
will pr^ably lead to extensive hot corrosion by similar mechanisms. 

While the application of surface coatings on hot socUmt airfoils 
is the usual technique for reducing the effects of hot corrosion, an 
alternative solution is the use of corrosion inhibitors as a fuel addi- 
tive. This is especially attractive in ground power and marine tur- 
bines where the logistics of fuel additives are much less severe than 
would be present in using additives for aircraft turbines. Indeed, 
magnesium (Mg) containing inhibitors for reducii^ vanadium (V) cor- 
rosion have loi^ been cotumerclaily available (ref. 3) as has a 
chrcwiium (Cr) containlr^ additive for reducing stKllum sulfate cor- 
rosion (ref. 4). This latter additive was tested Independently and, 
as reported in reference 5, it was found to reduce hot corrosion In 
burner rig tests at 900^ C by a factor of approximately two. Other 
work includes Spengler's Identification of barium (Ba) as havli^ ex- 
cellent potential for the reduction of vanadium attack (ref. 6). The 
patent literature also offers many examples of work in the area of 
fuel additives for corrosion control. Zetlmeisl, et al. claimed that 
calcium (Ca), aluminum (Al) and Ca, Al, silicon (Si) additives were 
superior to Mg, (ref. 7) while Carlyle (ref. B) discusses the ad- 
vantages of Mg, Ca, and Al. Niles (ref. 9), Rocchlni (ref. 10). and 
Youi^ (ref. 11) all claim reduced hot corrosion using alkaline earths 
as either fuel additives or injecting them into the combustion prod- 
ucts, Such inhibitors offer several benefits over vUher solutions to 
the hot corrosion prv4)lem, e.g. . m» redesign of airfoils is required 
to account for possible effects of corrosion resistant CiUitings iin the 
mechanical properties of the airfoil On the other hand, an additive 
injection system must be provided which adds complications to the 
fuel system and the additive may caust* deposit formation with at- 
tendant loss in aerodynaiuic performance. 

The purpose of this work was to t'vaUiate the potential of a broad 
range of additives for reducing hot corrosion under constant condl- 
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tlons m several commercial alloys which represent the extremes of 
good corrosion resistance to very poor corrosion resistance. 

The approach used In this work was to focus on one corrosive 
compound, sodium sulfate, Introduced as sodium chloride Into the 
ccnnbustor of a Mach 0. 3 burner rig. The sodium chloride reacted 
with sulfur in the fuel durlt^ combustion to form the corrosive 
sodium sulfate. Each ,:‘^+ential Inhibitor was also Injected Into the 
combustor. A series of cyclic tests were run for 100 hours. The 
extent of ♦he attack was evaluated by alloy consumption. The ef- 
fectiveness of the inhibitors was judged by how closely the metal 
consumption approached that obtained durii^ simple oxidation at 
the same time and temperature, i. e. , the least attack at that tem- 
perature. 


MATERIALS 

The compositions of the alloys used in this program are listed 
in table I. The cdbalt base alloy, Mar M-509, is a typical cast 
vane material which is generally considered to have good hot cor- 
rosion resistance due to its high chromium content. The four 
nickel base alloys cover a range of hot corrosion resistance. 

IN -792 and IN -738 are similar in composition and moderately good 
in hot corrosion, while U-700 has somewhat poorer hot corrosion 
resistance and IN -100 has the least resistance to such attack. An 
iron base alloy, 304 stainless steel, was also included. 

All of the alloys except the 304 stainless steel were cast by a 
commercial vendor into the shape shown in figure 1(a). The 
304 stainless steel was used as a 1. 27 cm diameter wrought rod 
7. 62 cm long. All samples were grit blasted and cleaned with 
alcohol. Prior to test each siunple was measured along a diameter 
in the center of the e.xpected hot zone ('.ig. 1(a)) with a bench mi- 
crometer to a precision of ±2 micrometers (pm) and weighed to 
±0. 2 milligrams (mg). 
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PROCEDURE 


The burner rig used for these tests ts shown in figure 1(b) and 
has been describf'd in reference 11. Briefly the rig is a nominal 
Mach 0. 3 type fired with A-1 jet fuel whose sulfur content ranges from 
0. 01 to 0. 05 weight percent. The fuel to air ratio was varied from 
i^out 0. 044 to 0, 046. Sodium chloride was injected int^the combus> 
tlon chamber as an aqueous solution. Eight samples were rotated 
rapidly in frmit of the exhaust nozzle and reached the desired temper- 
ature (900® C) in a few minutes. After each I hour exposure the 
burner pivoted away and a forced air cooling nozzle was directed on 
the speciniens for 3 minutes. This cycle was repeated. Approxi- 
mately every 15 cycles the samples were removed, weighed, and re- 
placed. After 100 cycles the samples were removed, weighed, 
washed, and reweighed. Washit^ consisted of immersion of each 
blade in 300 cc of water at 80® G followed by soft brushii^ in running 
water, an alcohol rinse, and air drying. The samples were then 
sectioned along the plane shown in figure 1(a), which is the center of 
the hot zone and where all temperature measurements were made 
during the run. The cut sections were mounted metallc^raphically, 
polished, and etched. Tluckness measurements were made to deter- 
mine the final thickness at maximum penetration tj and to calculate 
metal loss While both the initial and final thickness were meas- 


ured to a precision of i2 ani, experience has shown (ref. 5) that the 
resultant .^t is only accurate to i20 /im because of the irregularity 


of attack, etc. 



Two initial tests were run before the intriKiuction of inhibitors: 


an oxidation test in which no solutions were added to tl.c coir ' U' 


smd a hot corrosion test where only 3 parts per million sodium was 
introduced as sodium chloride into the combustor. The tests in 
which inhibitors were used were run with this same s\.Hiium level. 
Ail the inhibitors, except silicon, were Injected into the combustor 
as water soluble salts. The inhibitors, their concent rat lon.s, and 
the compound used are shown in table 11 Since no water soluble 
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compoui^ of Si cmild be found, a oonoidai suspension was injected 
into combustor. However, because of the limitations of such a 
procedure Hie mmilmum Si level used was only 1.8 ppm. 

EXULTS AND DKCUSSION 
Aluminum and Silicon 

The aluminum additive had little, if any, dfect on the hot corro- 
sion atteck of sodium on the nickel base alloys tested; U-700 was not 
tested in this series (fig. 2 ). On the other hand, the corrosion of 
Mar M-509 and 304 stainless steel was sutotantialty reduced, although 
In the case of Mar M-509 considerable hot corrosion still took place in 
spite of the Al, Si, which has been tested as a corrosion Inhibitor in 
earlier work (ref. 3), markedly reduced the effects of hot corrosion in 
all but the most corrosion prone alloy, IN- 100. However, the effect 
of going from 0. 5 to k 8 ppm Si was not large excei< for the 304 stain- 
less. 

Neither the Si or Al could be said to ’’stop” hot corrosion in 
the colwlt- or nickel-base alloys. Substantially greater attack oc- 
curred with the additives than during oxidation. Evaluation of the 
304 stainless cceel results is hampered by the fact that in r:ida- 
tion only, the chromia forming steel loses excessive weig'it d le to 
volatilization of its protective oxide. .Any deposit, either a i or mall y 
agressive NajSO^ or an Inert oxide, reduces this volattllzatii n and. 
as a result, its metal consumption rate. Therefore, one can com- 
pare the effectiveness of the Inhibitors to each other in reducing Na 
attack but not directly to oxidation of 304 stainless steel. 


Chromium, Iron, and Zinc 

Chromium was Included in these tests to comixire this type of 
additive technique with oi‘ganometallic additions directly to the fuel 
(refs. 4 and 5). In the present study addition of chromium rKuighly 
halved (fig. 3) the hot corrosimi except b»r 304 stainless steel in 
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which no effect was noted; this is quite similar to the effects found 
in reference 5. In contrast the iron (Fe) had little or no effect ex- 
cept on the 304 in which the corrosicm was substantially reduced, 
Surprisii^ly, the zinc (2n) was even more effective than Cr in re- 
ducing hc^ corrosion on all the alloys although the results were er- 
ratic and in no case was the metal recession reduced to near oxida- 
tion levels. 


Magnesium, Calcium, and Barium 

The alkaline earths were the most interesting group in that all 
three elements greatly reduced the effects of hot corrosion for all 
alloys tested 738 was not tested with Ba) as seen in figure 4. 

Of all of the elements tested, barium stands out as having the most 
consistently large effect; in most cases the attack was reduced to 
n^ligible differences from the minor attack observed in oxidation 
tests. All of the alloys in the barium inhibitor test had metal re- 
cession values of less than 50 ;im; this is especially dramatic for 
the case of IN -100 which lost over 2000 ^m in Na alone but less 
than 50 ^m with barium added. While the effect of Mg inhibitor 
additions is comparable for IN -792, IN -7 38, and U-700, the Mg 
additions are much inferior to barium in reducing the attack on 
IN -100 and Mar M-509. 

The thickness change data is supported by the outward appear- 
ances and the microstructures of the alloys. An exmnple of the 
effect of alkaline earth additives is shown in figure 5 for IN -792. 
The extreme conditions are the N;,Cl additive only on thf» left and 
the oxidation only on the right. As anticipated from the At val- 
ues, the samples tested with Mg and Ba inhibitors show only slight 
attack. The specimens with the Ca inhibitor show less attack than 
in the presence of NaCl alone, but more than with Ba or Mg in- 
hibitors. Also evident are the nonsoluble deposits on the Ca- 
inhibited sample. Such deposits, but to a lesser extent, were also 
deserved on the Ba-inhibited sample, and were least observed on 
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tht Mg»lnhlblttNl Mnvpic. Tliui, tv#n th^h Iht hot corromlon tt* 

Udt U lErtit^ the eRect ^ these ^pMlts ^ end 

thetr esse ^ remwsl would hive to be evaluited beCore their po- 
twtlil tor eommerelil use emild be fully lasess^. 

These etteets are seen more clmely it higher magnltleitlon 
specimen eross seetlmis. Figures d(s) and t(a) shew the typical 
hot corrosion microstructures for a nickel- and c^ilt-base alloy 
re^ectlvely. The former alloy Is characterlted by an extensive de- 
pletion *«e, nickel sulfides, and a heavy oxide scale of prediunlnately 
NIO, The hed corrosion of the ccbalt alloy Is characterlied by car- 
bide depletltw and extensive grain bvHindary attack. Figures bfe) 
and ife) are typical of burner rig oxldatkw mlcrostruelures (iHle 
decrease In magniflcatUm) aivd are characterlied by sUghl depleiUm 
i^mes and thin v«lde scales. Mg ami Ha additions yield mlcrostruc' 
tures s‘hlch are more characlerlsllc of ^\xldatton than hvU salt cor- 
rosion. The Ca Inhibited samples show more atlaek but are still 
closer In appearance to oxldatUm specimens than to uninhibited hot 
corrosion specimens. 

As pointed out earlier, Inert deposits are formed on the alloys 
s'hen Ba or Ca salts are used to inhibit cvn'roslve attack. In all 
eases the depo ,t frmn the Mg additions was MgO, however, the Ba 
and Ca depiU^lts were sulfates. In attemptti^ to assess the deU ter- 
U^s effect of such depi'»stts, it should be remetnberod that the levels 
of both the corrmlent and the inhibitor are a factor of about 50 higher 
than would be expected in an actual eitglne. Therctorc, to a tirst 
aitproximatimt the dep^mit is formitvg at a rate 50 times faster. All 
that cait be ctwcUuled frmn this is that there might be a pr^ldem with 
depi^ltbw when using Ba additives althov^h it is tar trom certain 
This potential foulbig proWem shmild be evalualml in follow on efforts. 
Another factor would cost. While a detailed ciw^t analysis must be 
made. It is very unlikely that the cost will Iw a significant factor ns 
Ba is plentiful. This additive cost w.'uUI have to I'c l^lancml against 
down time and materials m^sls. lad such a c\>st analysis Is outside 
the SiHH'e of this rcfxirt. 



CONCLUSIONS 


Based on burner rig testify of commercial alloys at 9(K)^ C 
for 100 cycles of 1 hour at temperature with 3 ppm Na added as 
NaCl to the combustion products, as a corrodant and with 3 ppm 

. potential metallic inhibitors added as various salts, the follow- 
ing ctmclusions may be reached: 

1. The most ccmsistent and effective of all additives tested was 
Ba. 

2. Use (rf Ba almost eliminates the characteristic sulfidation 
attack found in Na hot salt corrosion under these test conditions. 

3. As a class the alkaline earths (Mg, Ca, and Ba) reduced 
hot corrosion on all alloys tested. 

4. The response to the other additives evaluated (Al, Si, Cr, 

Fe, Zn) varied greatly from alloy to alloy. 
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